INTRODUCTION
Stalagmites contain some of the most promising archives of terrestrial paleoclimates (e.g., Fairchild et al., 2006) . The oxygen stable isotope composition (δ 18 O) of stalagmites reflects that of rainwater, which enables the use of such data as a paleomonsoon proxy (e.g., Wang et al., 2001 Wang et al., , 2005 Wang et al., , 2008 Yuan et al., 2004; Cheng et al., 2009; Sone et al., 2013) . Stalagmite carbon stable isotope compositions (δ 13 C) can be used as proxies for veg-tionally been used to reconstruct atmospheric and hydrologic circulation patterns, identify scavenging processes, determine co-precipitation, and define redox reactions in aqueous phases (e.g., Johannesson et al., 1995; Greaves et al., 1999; Dia et al., 2000; Playà et al., 2007) . The REEs are usually trivalent, with the exception of cerium (Ce) and europium (Eu), which can also exist in tetravalent and divalent states, respectively. Both Ce and Eu are often present in anomalous concentrations relative to adjacent elements of the series. Ce anomalies are used to identify the redox conditions of ambient waters (German and Elderfield, 1990) , while Eu anomalies, being controlled by the oxygen fugacity of the source rock (Drake, 1975) , can be used to identify REE sources. Recent analyses of stalagmite REE patterns have identified a quasilinear enrichment of the REEs with increasing atomic number in respect to bedrock concentrations (Zhou et al., 2008a (Zhou et al., , 2008b (Zhou et al., , 2012 Bourdin et al., 2011) . Experimental studies indicate that these systematic variations in REE concentrations are likely to be related to elemental fractionation during calcite precipitation (Zhong and Mucci, 1995; Qu et al., 2009) . However, the controls on the partitioning of the REEs during actual stalagmite formation have yet to be identified. This study focuses on the REE compositions of a stalagmite from the Maboroshi Cave in southwestern Japan; this stalagmite has been analyzed previously for δ 18 O, δ 13 C, Sr/Ca, and Ba/Ca (Shen et al., 2010; Hori et al., 2013) . Comparing our data with the information from these previously investigated records, we identified source mixing and partitioning processes using the REE characteristics of the stalagmite, and we discuss the possible implications and potential use of the stalagmite REEs in paleoenvironmental research.
MATERIALS AND METHODS

Study location and samples
The analyzed stalagmite was sampled from the Maboroshi Cave (altitude 450 m; 34°49′ N, 133°13′ E), which is located in the northeastern region of the Hiro- (a) and a geological map of the study area (b), after Teraoka et al. (1996) . shima Prefecture, Japan (Fig. 1a) . This cave is situated on a plateau of Carboniferous-Permian limestone and Mesozoic intrusive andesite units (Fig. 1b) Hori et al. (2013) . The analyzed stalagmite is a 13-cm long, transparent Hiro-1 stalagmite composed of clear calcite as confirmed by X-ray diffraction (XRD). A total of 34 horizons in the stalagmite were dated using the 230 Th method of Shen et al. (2002 Shen et al. ( , 2003 Shen et al. ( , 2012 , and the data had a 2-sigma precision of 0.3-1.1% (Shen et al., 2010; Hori et al., 2013) . The stalagmite was deposited between 18.1 and 4.5 ka (before 1950 C.E.), a time period that includes Heinrich stadial 1 (HS1, 17.5-14.6 ka) and the Holocene climatic optimum (9.0-5.0 ka). The age model of Shen et al. (2010) identified two hiatuses at 12.8-11.4 and 10.7-7.8 ka. The Hiro-1 δ
Fig. 1. Location of the Maboroshi Cave in southwest Japan
18 O values change significantly at ~14.6 ka, which corresponds to the onset of the Bølling-Allerød warming, and then gradually shift to negative values at 4 ka towards the top of the stalagmite (Fig. 2) .
REE analysis
Prior to analysis, 4-5 mg subsamples of the stalagmite were obtained by drilling at 2-mm intervals. These subsamples were dissolved in 5.0 mL of 0.15 M HNO 3 , dried, then dissolved in 1.0 mL of 2.5 M HCl. The resulting HCl solution was loaded onto a 1.0-mL column of ion exchange resin (AG 50W-X12) to extract the REE fraction from the Ca matrix. After the matrix elements were eluted using 2.5 M HNO 3 , the REE fraction was collected in a Teflon vial using 10 mL of 6 M HNO 3 . This solution was then dried and dissolved in 1 mL of 0.15 M HNO 3 prior to inductively coupled plasma-mass spectrometry (ICP-MS) analysis. The precision of this analysis was determined using self-prepared standard solutions containing a high Ca matrix and all the REEs. The yielded recoveries were >90%. Results from total REE procedural blank analyses were consistently <0.1 ng, which was equivalent to 0.6-20% of the REE concentrations in the sample solutions.
The REE concentrations of a number of bedrock samples were also determined during this study, including three limestones (samples A1-3, B1-3, and C1-3) and three andesites (AN1, AN2, and AN3). Prior to analysis, 6-11 mg of powdered limestone sample was dissolved in 5 mL of 0.15 M HNO 3 and centrifuged at 2000 rpm for 5 minutes to separate insoluble impurities. The resulting supernatant was diluted 10-fold with 0.15 M HNO 3 for ICP-MS analysis. The REE concentrations in the acetic acid (HOAc)-leachable fraction of the andesite samples were determined following the method of Yokoo et al. (2004) . For this method, 1-2 g of crushed andesite with a particle size of 3-5 mm was rinsed with 5 mL of Milli-Q water at room temperature for 5 minutes. The rinsed samples were then soaked in 5 mL of 5% HOAc at 75°C for 2 hours. A 2 mL aliquot of the sample was filtered (0.45 µm pore filters), dried, dissolved in 2 mL of 0.15 M HNO 3 , and then diluted 100-fold for ICP-MS analysis.
Rare Dy; the concentrations of these oxides were determined using natural isotopic abundances and the oxide productivities of each element. Our ICP-MS measurements included BaO/Ba at ~0.1%, and REE-oxide/REE ratios of <3.0% for Ce, ~1.9% for Nd, and ~0.5% for Sm. The REE concentrations were determined using standard calibration procedures, and SPEX XSTC-8 and XSTC-331 multi-element standards. A 10 µg/L indium internal standard was added to sample solutions for monitoring and correcting instrumental drift. The relative standard deviation of ICP-MS results was ~10% (2σ) for sample solutions containing tens of ng/L of the REEs.
RESULTS
REE age profile of the Hiro-1 stalagmite
Total REE concentrations of stalagmite subsamples were <0.080 µg/g for samples older than 10 ka, but concentrations varied between 0.001 and 1.2 µg/g for samples younger than 8 ka ( Fig. 2 (Taylor and McLennan, 1985) . (Taylor and McLennan, 1985) . Taylor and McLennan (1985) , and effective ionic radii are from Shannon (1976) .
Fig. 3. Shale (PAAS)-normalized REE patterns for four different intervals in the Hiro-1 stalagmite; the thick line indicates the average pattern for each interval and error bars indicate 1σ standard deviation. For data points without a lower error bar, the minimum value was zero. The PAAS values are from
REE N = REE sample /REE PAAS , were generally heavy REE (HREE) enriched with Nd N /Yb N ratios of <1, barring two horizons at 11.0 and 10.8 ka (Fig. 2) . Time series of the La N /Nd N ratios were similar to those of Nd N /Yb N ratios, with high La N /Nd N ratios (>1) at around 11.0 ka, and relatively low ratios at 7.0-4.7 ka (<1). The periods of low La N /Nd N and Nd N /Yb N ratios tended to have a fast growth rate (typically >20 mm/ky), while the other periods with high La N /Nd N and Nd N /Yb N ratios showed a relatively slow growth rate. According to coincident temporal variations in these parameters, the Hiro-1 stalagmite was divided into four intervals: interval I at 4.5-7.1 ka, interval II at 7.1-16.6 ka, interval III at 16.6-17.1 ka, and interval IV for >17.1 ka. The PAAS-normalized REE patterns of the four intervals in the Hiro-1 stalagmite are shown in Fig. 3 ; all of these intervals were HREE-enriched and generally had negative Ce and positive Eu anomalies that were expressed using Ce N /Ce N * = Ce N /(La N + Pr N ) × 2 and Eu N / Eu N * = Eu N /(Sm N + Gd N ) × 2, respectively. The Ce N /Ce N * values were lower in interval I (0.26 ± 0.09 with 1σ standard deviation) than in the other intervals (0.51 ± 0.29 for II, 0.31 ± 0.16 for III, and 0.62 ± 0.18 for IV), whereas Eu N /Eu N * values were higher in interval II (2.2 ± 3.5) than in intervals I (1.5 ± 0.82, except for an extremely high Eu N /Eu N * at 4591 BP) and III (0.98 ± 0.61). Concentrations of Eu in interval IV were generally below the detection limits, with the exception of a single sample that yielded a high Eu N /Eu N * value of 7.2 (Fig. 3d) .
REEs in limestone and andesite
Concentrations of REEs in the limestone and andesite samples are given in Table 2 . The limestone samples contained total REE concentrations of 1.3-5.1 µg/g and the distribution of the REEs was similar to that of modern seawater (e.g., Baar et al., 1985; Kawabe et al., 1998) , with distinct negative Ce anomalies (average Ce N /Ce N * of 0.10) and slightly elevated Gd N and Er N values that were likely controlled by tetrad effects (Fig. 4a) .
Andesite HOAc-leachable fractions contained total REE concentrations of 0.53-2.2 µg/g (Table 2 ), and the PAAS-normalized REE patterns were middle REE (MREE)-enriched. These fractions also had positive Eu anomalies (Eu N /Eu N * = 2.4) that are typically associated with the presence of plagioclase (Condie et al., 1995) . Two of the andesite samples (AN1 and AN2) had negative Ce anomalies (Ce N /Ce N * = 0.21; Fig. 4b ) that are likely associated with oxidation and the preferential removal of Ce(IV) from the aqueous phase. Such fractionation of Ce might develop during andesite weathering. The Ce N /Ce N * value of AN3 was close to unity (0.83), which probably reflects the original plagioclase REE signature.
DISCUSSION
Source mixing processes
The patterns and concentrations of the REEs in the Hiro-1 stalagmite are the result of a wide range of processes, including bedrock erosion in epikarst and redistribution of the REEs in deeper parts of the limestone aquifer. One of the main controls on stalagmite REE concentrations is the relative proportion (defined here as the mixing ratio) of the two major REE sources, limestone and andesite in this case. The Eu N /Eu N * ratios are the most appropriate of the three main features of the Hiro-1 sta- Taylor and McLennan (1985) , and effective ionic radii are from Shannon (1976) .
Fig. 4. Shale (PAAS)-normalized REE patterns of the host limestones (a) and andesite HOAc-leachates (b). The PAAS values are from
lagmite REE patterns (i.e., HREE enrichment, negative Ce N /Ce N *, and positive Eu N /Eu N *) with which to estimate mixing ratios. This is because the two REE sources, limestone and andesite, have different Eu anomalies (Fig. 4) , and more importantly, once oxidized, dissolved Eu(III) species are unlikely to be re-reduced to Eu(II) in the aqueous phase. Chemical behavior of Eu(III) is similar to those of the other trivalent REEs, and thus, the Eu anomaly can be kept in the aquifer. In contrast, the gradient of the REE pattern and Ce N /Ce N * ratios are highly variable during partitioning and oxidative scavenging. Figure 5 shows a cross-plot of Eu N /Eu N * versus Ce N /Ce N * values in the two REE sources (limestone and andesite) and in intervals I-III of the Hiro-1 stalagmite. The stalagmite values are offset from an end-member mixing line between the limestone and andesite sources (Fig. 5) . This offset may be related to the redox-sensitive behavior of Ce during weathering of the andesite, as evidenced by the wide range of andesite Ce N /Ce N * values obtained during this study (0.21 and 0.83; Fig. 5 ).
Here, we used the average compositions of the two sources (AN for andesite and LIM for limestone samples; Table 2 ) and an observed Eu N /Eu N * value for the stalagmite (termed (Eu N /Eu N *) mix ) to determine a mixing ratio based on the relative proportions of the andesite source (a, 0 < a < 1), according to the following equation: Taylor and McLennan (1985) , and effective ionic radii are from Shannon (1976) ; the dashed line indicates an effective ionic radii of 100 pm.
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The three intervals of the Hiro-1 stalagmite (I, II, and III) with detectable Eu concentrations had average Eu N / Eu N * values (1.51, 2.16, and 0.98, respectively; Fig. 3 ) that yielded a values of 0.64, 0.96, and 0.19, respectively. These data indicate that the dominant source for REEs in intervals I and II was from andesites (64% and 96%, respectively), which is similar to previous estimates of a values that were based on Sr isotopic ratios, although the latter method of estimation yielded values of 60% throughout the Hiro-1 stalagmite .
REE leaching and precipitation
REE patterns for the Hiro-1 stalagmite were uniformly HREE-enriched (Fig. 3) . This feature cannot be explained by simple mixing between limestone and andesite sources, neither of which are HREE-enriched (Fig. 4) . One possible explanation is that these HREE-enrichments are the product of partitioning between water and mineral phases. To investigate this partitioning, we normalized stalagmite REE patterns to the mixed source compositions calculated using the a values. These a values were averaged for each interval (0.64 for interval I, 0.96 for interval II, and 0.19 for interval III) barring interval IV, for which a mixing ratio of 0.61 was estimated from the average Eu N / Eu N * value for the entire Hiro-1 stalagmite.
The REE patterns normalized to the mixed source components showed quasi-linear REE enrichments with decreasing ionic radii, especially between Pr and Lu (Fig.  6 ). This feature has been observed in stalagmites in southeastern France (Bourdin et al., 2011) and central China (Zhou et al., 2012) , which is suggestive of a process whereby ionic radii-dependent REE fractionation oc- (Taylor and McLennan, 1985) , and dashed lines indicate an effective ionic radii of 100 pm (Shannon, 1976) . curred at the water-rock interface. Partition coefficients for REEs between water and calcite (D REE ) have been defined by Rimstidt et al. (1998) as follows:
where X REE and X Ca are molar concentrations (mol/g) of REEs and Ca in the host limestone, respectively, and the square brackets indicate aqueous phase molar concentrations (mol/L). Experimental studies indicate that D REE values tend to decrease with increasing atomic number (Zhong and Mucci, 1995; Rimstidt et al., 1998) , a feature that causes preferential leaching of the HREEs during limestone dissolution. This preferential leaching may also occur during weathering of andesites to produce HREE enriched dripwater. Elemental fractionation can occur during both dissolution and precipitation. However, development of the HREE-enriched pattern of the Hiro-1 stalagmite requires preferential leaching and quantitative incorporation by the secondary carbonate. Figure 7 shows our scenario expressing REE pattern evolution in the Maboroshi Cave. Two distinct REE patterns (Figs. 7a and b) are mixed at the surface (Fig. 7c) , and then develop HREE enrichments in the aqueous phase (dripwater, Fig. 7d ). Fractionation during calcite precipitation on the stalagmite is unlikely to alter the REE pattern of the aqueous phase, primarily because all of the REEs are highly compatible with calcite (D REE > 100; Rimstidt et al., 1998) . Thus, the characteristics in REE patterns were simply inherited by the stalagmite (Fig. 7f) .
Time series changes in REE patterns
Temporal variations in REE patterns in the Hiro-1 stalagmite were characterized by a linear HREE enrichment at 7.1-4.5 ka (interval I; Fig. 6a ) and markedly high La and Ce values at 16.6-7.1 ka (interval II; Fig. 6b ). These two intervals have different growth rates from each other, and this relationship between the REE patterns and growth rates can be extended into interval III. Intervals I and III have relatively high growth rates and low Nd N /Yb N and La N /Nd N ratios compared with interval II (Fig. 2) . In addition, there was no significant change in the REE pattern in the part of the stalagmite that recorded the greatest shift in δ 18 O values, which was associated with the onset of the Bølling-Allerød warming period at around 14.6 ka. This finding suggests that temporal changes in REE patterns are not simply controlled by temperature or humidity. Bourdin et al. (2011) suggested that stalagmite REE patterns are related to the growth rates. This hypothesis is based on theoretical and experimental studies, which show that calcite/water partitioning coefficients for elements with ionic radii smaller than Ca 2+ (<100 pm, Pr to Lu in this study case) significantly decrease with increasing calcite crystallization rates (Rimstidt et al., 1998) . In contrast, La and Ce have ionic radii of >100 pm, thus implying that these elements are preferentially partitioned into calcite at faster crystallization processes. However, this ionic radii effect should produce HREE-depleted patterns in fast-growing stalagmites, contradicting the evidence presented here that REE patterns are independent of fractionation during calcite precipitation and the formation of the Hiro-1 stalagmite. The most likely explanation for this apparently contradicting data is that ratecontrolling effects are coincident with bedrock dissolution. If the kinetic effects outlined by Rimstidt et al. (1998) are also applicable for the dissolution process, D REE values for elements with large ionic radii (>100 pm) will decrease with increasing dissolution rates, while elements with small ionic radii (<100 pm) will show increasing D REE values.
In our study, interval I corresponds to rapid calcite precipitation, which requires an elevated supply of Ca to water by rapid dissolution of bedrock limestone and andesite, although the growth rate of a stalagmite can be controlled by several factors such as temperature, drip rate, and partial pressure of carbon dioxide (pCO 2 ) (Kaufman, 2003) . We suggest enhanced bedrock erosion rates at interval I (7.0-4.6 ka), which is coincident with the warmest period in the Holocene ("climatic optimum;" Rohling and Rijk, 1999) . Warm and humid conditions can enhance soil pCO 2 . During this interval, the elements from Pr to Lu were enriched in aqueous phases (Fig. 7d) , and this feature was inherited by the stalagmite (Fig. 7f) . Aggressive bedrock erosion might have enhanced REE supply to the aqueous phase, thereby increasing the total REE in the stalagmite during this period (Fig. 2) .
The bedrock erosion rate might have been slow before the middle Holocene when the climate conditions were relatively cold. Intervals II and IV may correspond to slow bedrock dissolution, which caused the aqueous phases and the stalagmite to be relatively depleted in Pr to Lu (Figs. 7e and g ). The exception is interval III (17.1-16.6 ka), which is coincident with cold Heinrich stadial 1, when the REE patterns showed HREE enrichment similar to that in interval I.
SUMMARY
We investigated REE concentrations and patterns in a stalagmite collected from southwestern Japan in order to evaluate the potential use of REEs as proxies for paleoenvironmental conditions. The Hiro-1 stalagmite had PAAS-normalized REE patterns that were characterized by: (1) negative Ce and positive Eu anomalies and (2) REE enrichment with increasing atomic number (Fig. 3) . Data obtained from the stalagmite, the hosting limestone, and wall-rock andesite units, in combination with our mixing model, suggest that the REE patterns of the Hiro-1 stalagmite were produced by the following processes:
(1) Source mixing processes. Limestone dissolution and andesite weathering were likely the two major sources for the REEs in the stalagmite, and Eu enrichments observed in this stalagmite (average Eu N /Eu N * = 1.3-3.3) can be explained by the contribution of REEs derived from andesites in the study area (11-96%).
(2) Partitioning processes. The REE pattern in the Hiro-1 stalagmite shows REE enrichments with increasing atomic number, especially at 7.0-4.6 ka. This is likely the result of REE fractionation at the water-rock interface during bedrock dissolution. Because the HREEs are likely to partition into aqueous phases rather than the light REEs (LREEs), the dripwater that formed the stalagmite was relatively HREE-enriched.
(3) Rate-controlling effects. The REE patterns in the section of the stalagmite that formed at 16.6-7.1 ka show high La and Ce values. Rate-dependent partitioning processes suggest that La and Ce, which have effective ionic radii larger than a Ca 2+ ion (>100 pm), are likely to partition into aqueous phases during periods of low reaction rates. This indicates that slower bedrock dissolution may lead to La-and Ce-enriched dripwater. The REE characteristics in the aqueous phase are inherited by the stalagmite as a function of effective REE scavenging during calcite precipitation.
These REE variations in the Hiro-1 stalagmite suggest that REE patterns can be used as a proxy for the intensity of local weathering during stalagmite formation.
